Introduction: Efficacy of cryoballoon ablation depends on balloon-tissue contact and ablation duration. Prolonged duration may increase extracardiac complications. The aim of this study is to determine the optimal additional ablation duration after acute pulmonary vein isolation (PVI).
| INTRODUCTION
Cryoballoon ablation is an effective single-shot technique for the treatment of paroxysmal atrial fibrillation (AF) and is noninferior to radiofrequency catheter ablation. 1 Several ablation protocols for cryoballoon ablation have been proposed. 2, 3 Optimizing the ablation duration to obtain durable ablation lesions without causing extracardiac complications is crucial.
It has been shown that time to pulmonary vein (PV) isolation (time-toisolation) is related to balloon-tissue contact, with a shorter time-toisolation indicating a better contact. 4 It can be expected that with a fixed ablation duration, a better balloon-tissue contact will lead to an earlier lesion transmurality and a potentially higher risk for extracardiac complications. It may be beneficial to adapt the application duration according to the time-to-isolation.
The most common extracardiac complications related to cryoballoon ablation are right phrenic nerve palsy (7-8%) and esophageal ulceration (12%). 5, 6 Right phrenic nerve palsy can be permanent and may lead to significant dyspnea. 7 A rare, but severe complication is the development of an atrio-esophageal fistula, which can be fatal. 8 Optimizing the ablation duration may prevent these complications.
After ablation, testing for dormant conduction (DC) with adenosine can be used to reveal incomplete pulmonary vein isolation (PVI). 9, 10 The absence of reconnection/DC after 30 minutes waiting period may be considered as parameter for durable PVI and is therefore selected as a clinical outcome parameter. The primary objective of this randomized clinical trial was to determine the optimal additional ablation after timeto-isolation with absence of reconnection/DC as the primary endpoint.
| METHODS

| Study population
Patients eligible for a first cryoballoon ablation of paroxysmal AF were prospectively included between May 2014 and October 2016 and 1:1:1 randomized to an additional ablation of 90, 120, or 150 seconds (s) after time-to-isolation ( Figure 1 ). Eligibility was determined with a preprocedural CT-scan (Aquilion ONE, Toshiba Medical Systems, Otawara, Japan) and defined as no PV diameter >26 mm. Patients with previous catheter or surgical AF ablation or persistent AF were excluded. Study patients gave written informed consent for participation in the study and were blinded to group allocation. Data were collected using the departmental Cardiology Information System (EPD-Vision). The study was approved by the institutional ethical review board and registered at the Dutch national trial register (NL47833.058.14).
| Ablation procedure
Antiarrhythmic drugs (AAD) except amiodarone were discontinued fivehalf-lives before ablation. In all patients, a single ablation with the 28 mm second-generation cryoballoon (Arctic Front Advance, Medtronic Inc., Minneapolis, MN) was initially performed. The 23 mm balloon was only used as bail-out in veins with a maximal diameter ≤20 mm when PV occlusion could not be obtained. Total ablation duration for the right superior PV was limited to 180 seconds to prevent phrenic nerve palsy.
Time-to-isolation was defined as the time from the start of ablation to the disappearance of PV potentials, registered with a 20 mm intraluminal F I G U R E 1 Study protocol. Seventy-five patients were enrolled and 1:1:1 randomized into three groups of, respectively, 90, 120, and 150 additional ablation time after reaching isolation of the pulmonary vein. Additional ablations were applied in case of reconnection/dormant conduction. Ablations were aborted if no isolation occurred within 90 seconds, in case of reduced phrenic nerve capture or endoluminal esophageal temperature below 18°C KEÇE ET AL. | 903 circumferential mapping catheter (Achieve, Medtronic, Minneapolis, MN).
If time-to-isolation was not achieved within 90 seconds, ablation was aborted ("unsuccessful ablation") and the balloon repositioned. If time-toisolation could not be determined, time-to-isolation was set to 90 seconds to calculate ablation duration. Thirty minutes after ablation, PV isolation was confirmed and adenosine was infused to identify DC. Initial adenosine dose was 18 mg and increased to a maximum of 30 mg to obtain ≥1 sinus beat with blocked AV-conduction. In case of DC, a 
| Follow-up
Patients were followed 3, 6, and 12 months after ablation with a 24 hours Holter and exercise test. AAD were restarted after the ablation and maintained until the first follow-up at 3 months after ablation. Success was defined as the absence of any recording of AF/atrial tachycardia on ECG or recording of >30 seconds on a 24 hours Holter registration off AAD after a blanking period of 3 months.
| STATISTICAL ANALYSIS
Sample size for the prospective randomized groups was calculated based on the incidence of DC in our hospital with the first generation balloon (42%, expected to be comparable with the additional 90 seconds group) and second generation balloon (5%, expected to be comparable with the additional 150 seconds group). For the additional 120 seconds group an expected incidence of 21% was used. A Cochran-Armitage test for linearity was performed to obtain a sample size for the three groups using STATA software, V.12 (Stata Corp, College Station, TX). With α = 0.05 the necessary total sample size was 66 patients to detect a significant trend in DC with 80% power. The group size was therefore set at a total sample size of 75 patients. Baseline characteristics were compared between the randomized groups using one-way analysis of variance for continuous variables and χ 2 tests or Fisher's exact test for categorical variables. Predictors for reconnection/DC were tested using multivariate regression analysis. Multivariate Cox-regression was used to identify predictors for recurrence. Variables with a P < 0.1 in univariate analyses were entered in the multivariate analysis using the enter method. The log-rank test was used to test differences for AF recurrences. A P < 0.05 was considered statistically significant. SPSS (version 23, SPSS Inc., Chicago, IL) was used. Table 1 shows the baseline clinical characteristics of the 75 randomized patients. There were no significant differences in age, sex, and comorbidities between the 90, 120, and 150 seconds groups. All patients had a normal ejection fraction and the mean left atrial diameter was 40 ± 5 mm.
| RESULTS
| Baseline characteristics
| Procedural details
The mean procedure time and mean ablation duration for all groups were, respectively, 126 ± 31 and 17 ± 5 minutes and no significant differences were seen between the three groups (P = 0.053 and P = 0.132, respectively; Table 2 ). The mean cryoapplication duration data of the cryoballoon, on the incidence of reconnection and DC and on the predictors of reconnection/DC with exclusion of these pulmonary veins did not influence the results (online supplement). There were no significant differences in time-to-isolation between the four pulmonary veins. In addition, there were no differences in time-to-isolation, minimum balloon temperature, warming time, and minimum esophageal temperature between the three groups. Single-shot isolation was achieved in respectively 81, 79, and 72% of the PVs in the 90, 120, and 150 seconds (P = 0.254). There were no significant differences in single-shot isolation rates between the PVs (76% for the left superior PV, 81% for the left inferior PV, 82% for the right superior PV, and 72% for the right inferior PV; P = 0.465).
| PV reconnection/DC
The numbers of patients and PVs with reconnection/DC are specified in Table 3 . A significant decrease in reconnection/DC and a corresponding decrease in the number of additional cryo-applications was shown with increasing ablation durations. The procedural duration was also prolonged by the additional applications to abolish dormant conduction and an additional waiting-period of 30 minutes.
| Predictors of PV reconnection/DC
In multivariate analysis, a shorter cryoapplication time, longer timeto-isolation, a higher nadir balloon temperature and more unsuccessful ablations were associated with a higher incidence of PV reconnection/DC (Table 4 ). Warming time was not a significant predictor in multivariate analysis. 
| OUTCOME
| Predictors of recurrence
In multivariate analysis, only PV reconnection/DC was associated with a higher incidence of AF recurrence ( Table 5 ).
| COMPLICATIONS
One patient from the 150 seconds group showed persistent phrenic nerve palsy at discharge that was resolved at 1-year follow up. Two patients had complications related to the vascular femoral access, including one patient with a severe bleeding requiring transfusion. In The major finding of this study is that an additional ablation with 90, 120, or 150 seconds after time-to-isolation showed a stepwise decrease in reconnection/DC. Consequently, additional ablations for the treatment of reconnection/DC decreased similarly while the success rates at 1-year off AAD were not significantly different.
During follow-up the rate of repeated procedures decreased with increasing additional ablation. To the best of our knowledge, this is the first trial studying single cryoballoon applications with the ablation duration based on time-to-isolation.
| Decreasing ablation duration with the secondgeneration cryoballoon
The second-generation cryoballoon with more injection ports for more homogenous and faster cooling was introduced to achieve more durable PVI. At the cost of a higher success rate, more transient and persistent phrenic nerve palsies were described. 11 Instead of a double 300 seconds fixed ablation duration, a double 240 seconds fixed duration was proposed by the manufacturer. Subsequently, studies showed that a single ablation per vein is sufficient. 12 In addition, shortening the ablation duration from 4 to 3 minutes did not increase AF recurrence. 2,13
| Making ablation duration dependent on time-to-isolation
Cryothermal energy delivery does not only depend on ablation duration, but also on adequate balloon-tissue contact. 14 As balloon gas flow is constant, time to PVI is related to balloon-tissue contact, with a shorter time-to-isolation indicating a better contact. 15 Indeed, time-to-isolation predicted durable PVI in several studies with significantly lower PV reconnections at 1-year follow up. 4, 16 In a canine model, a 60 seconds additional ablation after time-to-isolation showed 100% durable PVI on histology. 17 In addition, extending ablation duration based on a longer time-to-isolation was not associated with durable PVI. Furthermore, a perfect score for the assessment of occlusion was more relevant than total ablation duration in predicting gaps. Therefore, balloon-tissue contact remains the most important factor for durable PVI. Moreover, making ablation dependent on time-to-isolation is feasible, since in a majority of the veins (88%) time-to-isolation could be observed, while other researchers report 72%-81%. 18, 19 This percentage may become even higher with the future introduction of the third-generation cryoballoon with a shorter-tip, which facilitates PV electrogram registration.
| Outcome in time-to-isolation dependent ablation
Two prior studies report on time-to-isolation cryoballoon based ablation. A recent randomized trial by Ferrero-de-Loma-Osorio et al 19 showed in 140 patients that applying 60 seconds additional ablation after time-to-isolation with a second 120 seconds application was similar to a double 180 seconds fixed duration protocol (70.5 vs 74.3% success off AAD at 1 year; P = 0.61). 19 In a multicenter trial by Aryana et al 18 an additional ablation of 120 seconds in 355 patients was applied after time-to-isolation, but a second 120 seconds ablation was added when time-to-isolation was >60 seconds. They compared this strategy to conventional ablation performed in 400 pts, which was defined as 2 to 3 applications of 2 to 4 minutes at the discretion of the operator. Outcomes were similar at 83% and 78% at 1-year off AAD (P = 0.14). 18 The study of Aryana et al reported 9.9% vs 15.7% reablations in the study and control groups, respectively, with 18.5% vs 5.0% of the veins reconnected. 18 In our study a significant less repeated procedures were required when the additional ablation duration was increased from 90 seconds to 150 seconds (36 vs 4%; P = 0.041).
As repeated procedures are clinically meaningful, these results suggest that 90 seconds or 120 seconds additional ablation after time-to-isolation is insufficient.
| Reconnection/dormant conduction in time-to-isolation dependent ablation
Acute PV reconnection is also reported in the trial of Ferrero-de-Loma-Osorio et al 19 In this trial in 140 patients, 3.5 and 2.3% of the veins were acutely reconnected in the study and control groups, respectively (P = 0.6). 19 This is comparable to the 4% dormant conduction in our 150 seconds group, while the 90 seconds and 120 seconds groups showed a significant increase in reconnection/ DC with decreasing additional ablation. (n = 355) vs a conventional group (n = 400), adverse events were similar at 2.0% and 2.7%, with a numerically lower phrenic nerve palsy incidence of 0.6% in the time-to-isolation group vs 1.2 in the control group (P = 0.33). 18 The randomized trial of 140 patients reported 8% complications with 3.6% phrenic nerve palsy and no differences between the groups. 19 Our results are comparable to these numbers and were not significantly different between the groups.
| Complications in time-to-isolation dependent ablation
| LIMITATIONS
This is a small-size single-center randomized study. The study was powered to detect differences in reconnection/DC and not to detect significant differences in complications and recurrence rates. Therefore, a substantial conclusion cannot be drawn regarding outcome and complications. In this study only ablation duration and not contact force and ablation energy were optimized, as contact force cannot be measured by the current technology and ablation energy (balloon gas flow) cannot be adjusted by the operator. Indirect measurements for balloon occlusion, such as fluoroscopic contrast stasis or intracardiac echo doppler measurements were not routinely documented in this study. Due to the small number of patients these factors may have biased the results. In addition, dormant conduction was used to reveal incomplete pulmonary vein isolation, which is only a surrogate for durable PV isolation. In this study the 90 seconds dosing protocol was the least successful with a significant higher number of reconnection/DC. Given the low number of patients in each group, it is possible that there is no significant differences in reconnection/DC between the 120 and 150 seconds group. During follow up only 24-hour Holter monitoring was used, longer rhythm monitoring could have detected more AF-episodes. However, we consequently encouraged patients to seek healthcare support for additional ECG recordings if symptoms occurred.
| CONCLUSIONS
An additional ablation with 90, 120, or 150 seconds after time-toisolation in cryoballoon ablation caused a stepwise decrease in reconnection/DC, a decrease in additional ablations for the treatment of reconnection/DC, while recurrences and complication rates at 1-year were not significantly different. In addition, the rate of repeated procedures during follow-up decreased with increasing additional ablation. Therefore, based on our data selecting an additional ablation of 150 seconds is the most appropriate approach in time-to-isolation based ablation.
